Abstract: A reverse ridge/slot hybrid chalcogenide glass ðAs 2 S 3 Þ waveguide with two vertical silicon dioxide slots is proposed in this paper. The fundamental quasi-TE mode of the waveguide shows an ultraflat dispersion with three zero-dispersion wavelengths. Its dispersion is confined between À26 and þ27 ps/nm/km over a bandwidth of 1370 nm (from 1770 to 3140 nm). Two slots in the waveguide introduce the dispersion tailoring effect on the quasi-TE mode, which provides more flexibility for designing the waveguide dispersion. The nonlinear coefficient and the phase mismatching of the degenerate fourwave mixing (FWM) process in this waveguide are calculated, showing that it can support broadband FWM processes in near-and middle-infrared regions.
Introduction
In recent years, chalcogenide glass waveguides have attracted many attentions as promising candidates to realize on-chip integrated mid-infrared sensing devices [1] - [3] and nonlinear optical devices [4] . As a ð3Þ nonlinear optical material, chalcogenide glass has a high third-order nonlinearity coefficient with negligible two photon absorption (TPA) at telecom bands, resulting in a high Figure of Merit (FOM) [5] , [6] . Dispersion design is an important topic for chalcogenide glass waveguides for nonlinear photonic devices, since many nonlinear optical applications, such as soliton formation [7] , [8] , super-continuum generation [9] , [10] , four-wave-mixing (FWM)-based parametric amplification, wavelength conversion [11] , [12] , and comb generation [13] , [14] , require flat and near-zero dispersion profiles. However, since most chalcogenide glasses used in nonlinear optics have large negative material dispersion at the near-infrared band, the waveguide structure should be designed carefully to obtain a proper waveguide dispersion for compensating the material dispersion [15] - [17] . Traditional ridge and strip structures have been optimized to realize near-zero dispersion at the near-infrared band; however, their bandwidths of near-zero dispersion are limited.
Slots in waveguides can be used to flexibly tailor the waveguide dispersion, which is capable of effectively extending the band of near-zero dispersion [18] - [21] . Zhang [9] proposed a strip/slot hybrid silicon waveguide with a horizontal silicon dioxide (SiO 2 ) slot. Its dispersion shows a flat profile with four zero-dispersion wavelengths (ZDWs), varying between À22 and 20 ps/nm/km over the bandwidth of 670 nm. Recently, a dual-slot silicon waveguide is proposed, in which the slots are filled with silicon nanocrystals. It has four ZDWs, and its dispersion varies between À24 and 22 ps/nm/km over the bandwidth of 1098 nm [20] . However, these works focused on silicon waveguides, in which high TPA would lead to high nonlinear losses [5] . Recently, a strip/slot hybrid arsenic tri-sulfide ðAs 2 S 3 Þ waveguide with a horizontal SiO 2 slot has been proposed, showing an ultra-flat and low dispersion profile over a wide bandwidth. However, photolithography and lift-off (or dry etching) processes for transferring the waveguide pattern to the As 2 S 3 film are required in the fabrication of this structure. More specifically, the ðNH 4 OHÞ-based developers used in the photolithography process would attack chalcogenide glass films [18] and impact the quality of the chalcogenide glass waveguides. Hence, the protective coating utilizing thin layers of Polymethylmethacrylate (PMMA), bottom antireflective coating (BARC), or SU-8 (a permanent epoxy negative photoresist) are required to avoid the impact of the alkaline developer on the chalcogenide glass films [22] - [26] . However, this technique complicates the fabrication process of the chalcogenide glass waveguides and may introduce additional loss when removing the protective layer. Recently, the fabrication processes of chalcogenide glass films based on their organic ammonia solution is developing rapidly. However, the residual solvent may lead to the obvious loss when it is used to fabricate optical waveguides in the near-infrared band, since its N-H bonds have an overtone absorption around 1510 nm [27] . Hence, both the requirement on the dispersion property and the feasibility of fabrication should be considered during the design of chalcogenide glass waveguides for integrated nonlinear optical devices.
In this work, we propose a reverse ridge/slot As 2 S 3 waveguide, whose fundamental quasi-TE mode has an ultra-flat dispersion profile with three ZDWs. Its dispersion is confined between À26 and 27 ps/nm/km over a bandwidth of 1370 nm (from 1770 nm to 3140 nm). This structure could be fabricated without the photolithography and lift-off processes (or various etching processes) on the chalcogenide glass film, showing great potential for developing nonlinear photonic devices.
Waveguide Structure and Its Characteristics
The proposed waveguide is shown in Fig. 1 , in which the structure parameters are indicated. First, a groove with two SiO 2 ridges in it could be fabricated in the SiO 2 substrate by the standard E-beam lithography and dry etching process. Then As 2 S 3 film could be deposited on the substrate by the thermal evaporation or sputtering. The As 2 S 3 film also could be fabricated by the micro-trench filling technique [28] utilizing the solution-processed As 2 S 3 glass. Utilizing the low transformation temperature of the As 2 S 3 glass, the thermal imprint technique can be used to help the As 2 S 3 glass fill the groove to forma flat surface. Finally, a SiO 2 cladding layer would be deposited to protect the As 2 S 3 film. As a result, a reverse ridge As 2 S 3 waveguide with two SiO 2 slots could be realized. The photolithography, lift-off or various etching processes on the As 2 S 3 film could be avoided during the fabrication of the proposed waveguide, which is capable of realizing high-quality chalcogenide glass waveguides.
The dispersion of this waveguide is calculated using the finite element method (FEM). Fig. 2 shows the calculated dispersion of the waveguide with optimized structure parameters (H 0 ¼ 50 nm, H 1 ¼ 600 nm, W 0 ¼ 840 nm, W 1 ¼ 1190 nm, W slot left ¼ 90 nm, W slot right ¼ 84 nm), which shows broadband width near-zero-dispersion point. To provide a proper dispersion tailoring, the widths of the ridges and the groves nearby should be smaller comparing with the grove depth. Hence, the dry etching process supporting high aspect ratio is required in the fabrication. In the simulation, the material dispersions of SiO 2 and As 2 S 3 are calculated according to the Sellmeier equation. The waveguide supports two modes, i.e., the fundamental quasi-TE and quasi-TM modes. The calculated effective indices (indicated by n eff ) of them are shown in Fig. 2 
(a). According to
Their dispersion curves are calculated and shown in Fig. 2(b) , where c is the light speed and is the wavelength in vacuum, respectively. The dispersion curves of quasi TE/TM modes in the reverse ridge waveguide without the two slots are also calculated with the same parameters and shown in Fig. 2 (b) for comparison. It can be seen that the dispersion curves of the quasi-TM modes in the waveguide with slots is similar to that of the waveguide without slots. They show two ZDWs in the near-infrared band. The dispersion slopes around these ZDWs are relatively high, leading to narrow near-zero dispersion bands. On the other hand, the dispersion profiles of the quasi-TE modes in two waveguides are quite different. The dispersion of quasi-TE mode in the waveguide without slots rises monotonously as the wavelength increases, resulting in only one ZDW. By introducing two slots into the waveguide, the dispersion of the quasi-TE mode in the proposed waveguide is highly reduced at the region of long wavelength. The dispersion curve shows a flat profile with three ZDWs at 1895 nm, 2575 nm and 3105 nm, respectively. An ultra-broad band of near-zero dispersion (from 1770 nm to 3140 nm with a bandwidth of 1370 nm) is realized. Meanwhile the dispersion is confined between À26 ps/ðnm Á kmÞ and þ27 ps/ðnm Á kmÞ in this band.
The difference between the quasi-TE mode dispersion profiles in the two waveguides is due to the dispersion tailoring effect introduced by the two slots. To show it more clearly, the electric field distributions of the quasi-TE mode at different wavelengths in the proposed waveguide with slots (without slots) are calculated and shown in Fig. 3(a) and (b). It can be seen that, in the waveguide without slots, the electric field concentrates in the waveguide core at all the wavelengths. However, in the proposed waveguide structure, the electric field is concentrated in the waveguide core at short wavelengths. As the wavelength increases, more and more electric field distributes in the slots. At wavelengths longer than 2500 nm, the electric field is mainly distributed in the two slots. This transition process of the electric field distribution introduces a large negative waveguide dispersion at the long-wavelength region, which provides an additional tailoring effect on the dispersion profile of the quasi-TE mode.
The proposed waveguide has the potential for developing nonlinear photonic devices. On one hand, the third order nonlinearity of As 2 S 3 glass is high, with a nonlinear Kerr index n 2 of 2:92 Â 10 À18 m 2 =W at 1.55 m. On the other hand, the index of As 2 S 3 is as high as 2.4-2.5 in the near-infrared band. Hence, the interface between As 2 S 3 and SiO 2 provides a good light confinement for realizing a small electric field area. The effective area of the quasi-TE mode can be calculated by [9] , [18] , [29] 
where e and h are the electric field and magnetic field distributions, respectively. The blue curve in Fig. 4 shows that the calculated effective area of the proposed waveguide with optimized parameters increases as the increase of wavelength, and the areas at all the wavelength are smaller than 1.7 m 2 . We also calculated the nonlinear coefficient of the fundamental quasi-TE mode at different wavelengths by
The result is shown as the black curve in Fig. 4 . It can be seen that the nonlinear coefficient of the quasi-TE mode reduces as the electric field extends with the increasing of wavelength. At the telecom band, the nonlinear coefficient is about 30/W/m, which is about 1:5 Â 10 4 higher than that of the single-mode silica fiber.
Dispersion Tailoring by the Structure Parameter Adjustment
The analysis in Section 2 shows that the dispersion profile of the quasi-TE mode in the proposed waveguide is the combination of the original dispersion of the same mode in a waveguide without the slots and the large negative dispersion introduced by the transition process, which provides additional freedom to tailor the dispersion profile. Fig. 5 shows the calculated dispersion of the fundamental quasi-TE mode when one of the structure parameters varies with others, keeping the same as the optimized parameters used in Fig. 2 . Fig. 5(a) is the calculated dispersion of the proposed waveguide with different waveguide height ðH 1 Þ. It can be seen that the shapes of the dispersions with different height are quite similar although the dispersion value collectively increases with the increase of H 1 at a rate of 2.3 ps/nm/km per nanometer. This variation is mainly due to the impact of varying H 1 on the original dispersion profile, since H 1 is also a structure parameter of the waveguide without the slots.
Similar effects can be found when adjusting the width of the slots. Fig. 5 (b) and (c) shows the calculation results with different widths of the left slot ðW slot left Þ and the right slot ðW slot right Þ, respectively. It can be seen that, the variation of slot width does not change the shape of the dispersion either. The dispersion value collectively decreases with the increase of slot width at a rate of 2.5 ps/nm/km per nanometer. Rather than the original dispersion, this dispersion variation is introduced by the transition process when varying slot widths. Larger negative dispersion would be introduced by the slots with larger widths.
On the other hand, the variation of waveguide width leads to more complex impact on the dispersion profile. Fig. 5(d) shows the calculation results with different intervals ðW 0 Þ between the two slots. It can be seen that the dispersion curve at long-wavelength region nearly remains the same while the dispersion value increases as the increase of waveguide width at shortwavelength region. Therefore, the dispersion slop between the maximum and minimum of the dispersion curve is enhanced with the increasing W 0 . It can be seen that the variation of W 0 does not impact the waveguide without the slots, hence the original dispersion profile is unchanged. On the other hand, Fig. 3(b) shows that in the waveguide without the slots, the modal distribution is more concentrating at a shorter wavelength. It can be expected that the transition process would appear at shorter wavelength under a smaller W 0 , leading to a lower dispersion at short wavelength region. Fig. 5 (e) shows the calculated dispersion with different waveguide widths ðW 1 Þ. It can be seen that the maximum of the dispersion curve reduces when W 1 increases. At the same time, the minimum of the dispersion curve increases with the increasing W 1 . This indicates that a smaller dispersion slope between the maximum and the minimum of the dispersion can be obtained with larger W 1 . On one hand, the variation of W 1 changes the waveguide without the slots leading to a variation of the original dispersion profile. On the other hand, it also impacts the wavelength at which the transition process appears, leading to the variation of the introduced negative dispersion. The result shown in Fig. 5(e) is the combination of these two effects.
The calculation results in Fig. 5 show that the proposed waveguide provides rich freedom to tailor its dispersion profile.
Analysis on the Phase Mismatching of the Degenerate Four Wave Mixing Process in the Proposed Waveguide
The ultra-broadband flat and low dispersion property of this waveguide is preferred in many nonlinear optical applications. A typical application is the degenerate four wave mixing (FWM). In this process, the pump light and idler (or signal) light travel in the waveguide and generate the signal (or idler) light due to the third-order nonlinearity. The frequencies of pump light ! p , idler light ! i and signal light ! s satisfy 2! p ¼ ! i þ ! s , indicating the energy conservation in this process. The efficiency of the degenerate FWM process is determined by the phase mismatching
is the linear phase mismatching, where p , i and s are the phase coefficients of pump light, idler light and signal light, respectively. The term 2ð s þ i À p ÞP p is the nonlinear phase mismatching, where p , i and s are the nonlinear coefficients of pump light, idler light and signal light, respectively, and P p is the power of the pump light. The degenerate FWM processes can effectively occur only if Ák is close to zero.
We calculated the linear phase mismatching Á as shown in Fig. 6(a) , in which the propagating modes of the proposed waveguide at the wavelength of the pump light, idler light and signal light are all in the fundamental quasi-TE modes. The two axis in Fig. 6(a) are pump wavelength p and the wavelength difference between the pump light and the signal (idler) light
The calculated linear phase mismatching is indicated by the color in the figure. It can be seen that thanks to the large wavelength region of flat and near-zero dispersion, the linear phase mismatching Á keeps low in a broad range of Á when pump wavelengths p are located near all the three ZDWs, as shown in Fig. 2(b) . Fig. 6(b) shows the result when the pump wavelength p locates near the shortest ZDW (1895.0 nm). When p is exactly 1895.0 nm, the curve of Á looks like an upward parabola with a zero point at Á ¼ 0. Á is close to zero in a wide band near Á ¼ 0. When p decreases, e.g., to 1880.0 nm, the parabola-like curve shrinks, leading to a smaller near-zero band of Á. On the other hand, when p increases, e.g., to 1897.5 nm, two regions with negative Á appear at two sides, which would be deeper and wider if p further increases. Fig. 6(c) shows the calculation results when pump wavelength locates near the middle ZDW (2575.0 nm). It can be seen that the curve of Á changes from an upward parabola to a curve with two negative dips at two sides as the pump wavelength p decreases from 2595.0 nm to 2566.0 nm. Fig. 6(d) shows the calculation results when pump wavelength locates near the longest ZDW (3105.0 nm). When p is exactly the longest ZDW, the curve of Á is a downward parabola with a zero point at Á ¼ 0. However, the downward parabola would shrink if the pump wavelength p increases, e.g., to 3135.0 nm. If the pump wavelength p decreases, two positive peaks appear at two sides as the black dotted line shown in Fig. 6(d) .
The small negative linear mismatching is preferred for the degenerate FWM process, since the linear mismatching can be compensated by the nonlinear mismatching term at proper pump level. Hence, broadband degenerate FWM could be realized if the wavelength of the pump light is a little longer than the shortest ZDW or a little shorter than the middle ZDW. Besides, if the wavelength of the pump light is a little shorter than the longest ZDW, the degenerate FWM process with large span between the signal and idler wavelength would be expected. 
Conclusion
In this paper, we proposed a reverse ridge/slot As 2 S 3 waveguide with two vertical SiO 2 slots, which could be fabricated without the photolithography, lift-off process, or various etching processes on the As 2 S 3 layer. It can support a fundamental quasi-TE mode with an ultra-flat dispersion profile with three ZDWs. In this band, its dispersion is confined between À26 and þ27 ps/nm/km over a band of 1370 nm (from 1770 nm to 3140 nm). Dispersion design can be realized by tuning structural parameters of the proposed waveguide. Especially, the mode transition process introduced by the two slots provides additional tailoring effects on the waveguide dispersion, which leads to its ultra-flat and near-zero dispersion over a wide bandwidth. The proposed waveguide also has a high ð3Þ nonlinearity, which is demonstrated by the effective area and the nonlinear coefficient of its quasi-TE mode. The properties of high nonlinearity and a large wavelength region of flat and near-zero dispersion are preferred in many nonlinear applications. Since the waveguide has three ZDWs and two of them are at mid-infrared band, it has great potential in developing mid-infrared nonlinear optical devices. To show its potential applications, the phase mismatching of the degenerate FWM process in this waveguide are analyzed, showing that the waveguide can support broadband FWM process in near-infrared and middle-infrared regions.
